Inorganic lead has been considered a human reproductive toxicant since antiquity. Past studies in animals and man have dealt with its effects on male reproductive function. Impairment of testicular function has been found in several rodent species following exposure to high levels of lead causing systemic toxicity, 1, 2 but studies in rats following low-level exposure resulting in blood lead levels about 50 µg/dl are contradictory. 3, 4 Several occupational sperm studies have reported reduced sperm quantity and quality in lead exposed workers 5-7 while other studies indicate effects on endocrine testicular and pituitary function. [7] [8] [9] Male mediated spontaneous abortion and congenital malformation have also been associated with occupational exposure to lead. 10, 11 In spite of these indications that lead may cause deterioration in male fecundity, few studies have examined the effects on fertility and so far results are conflicting. A Belgian group compared birth rates in 74 battery workers (mean blood lead level 46.3 µg/dl) with 138 blue collar workers without exposure to lead.
but studies in rats following low-level exposure resulting in blood lead levels about 50 µg/dl are contradictory. 3, 4 Several occupational sperm studies have reported reduced sperm quantity and quality in lead exposed workers [5] [6] [7] while other studies indicate effects on endocrine testicular and pituitary function. [7] [8] [9] Male mediated spontaneous abortion and congenital malformation have also been associated with occupational exposure to lead. 10, 11 In spite of these indications that lead may cause deterioration in male fecundity, few studies have examined the effects on fertility and so far results are conflicting. A Belgian group compared birth rates in 74 battery workers (mean blood lead level 46.3 µg/dl) with 138 blue collar workers without exposure to lead. 12 Within the group of lead-exposed workers, fertility was reduced during years with exposure compared to years before exposure. In comparison with the unexposed workers, the fertility of the lead-exposed workmen was 19% higher in years before the onset of exposure, but 35% lower in years after the start of exposure to lead. A French study of 229 lead-exposed workers (mean blood lead level 46.3 µg/dl) and 125 unexposed subjects did not, however, show any association between lead exposure and fertility. 13 Because there is little doubt that lead has a deleterious impact on male reproductive organs -at least at rather high exposure levels-it is of interest to examine whether lead exposure has an impact on fertility. We examined birth rates in a Danish cohort of battery plant employees using a method earlier applied in a study of fertility in metal workers. 14 
POPULATION

Battery Workers
The population with potential exposure to lead includes all men who were born in Denmark in 1940 or subsequent years and who were employed at three Danish battery plants from 1 April 1964 through 31 December 1992, whatever the duration of employment. The companies were located in different areas of the country (Northern and Southern Jutland and Copenhagen). The battery workers were identified in a national pension fund and from company rosters. The pension fund also provided data on the duration of employment during each of the years 1964-1992 and included both white and blue collar workers but gave no information about job title or work task. By linking the cohort to the population register we obtained information on job title and country of birth and deleted from the study population subjects with job titles unlikely to be associated with lead exposure and subjects born outside Denmark. From the company rosters of male blue collar workers, 99% were traced in the pension fund indicating a high degree of completeness of this register.
Reference Population
Employees at 86 Danish companies manufacturing steel ships, wooden boats and plastic products comprised an external control group. This cohort was initially created from the pension fund to serve as control group in a study of cancer incidence in styrene-exposed workers. 15 We selected the subset of the cohort which fulfilled the same eligibility criteria as the battery worker cohort.
The characteristics of the final study populations comprising 1349 men from battery plants and 9596 men from the reference plants are outlined in Table 1 .
Births of Liveborn Children
Liveborn children were identified by record linkage to the national population register which also provided information about birth date and country of birth. The cross reference between parent and child is independent of marital status and is not changed if the children move away from home, get married or have children themselves. However, the cross-reference does not distinguish between biological relations and adoptions. Although, compared to the number of births, the frequency of adoptions is low (approximately 2.6% of children born 1968-1986), this source of misclassification could bias the assessment of fertility. About half of adopted children are biological children of the spouse of the adopting parent and are unlikely to reflect infertility in the adopting parent. The other half of adoptions where the adopted children are biologically unrelated to both parents most likely reflect infertility. Because the adopted children of these couples have, in most cases, been born outside Denmark it is possible to counteract this source of bias towards the null hypothesis by excluding children born abroad. Based on previous experience we have probably excluded about 75% of children adopted because of infertility by only including children born in Denmark in this study. 14 
Exposure Information
All battery workers were considered exposed to inorganic lead during their period of employment at one of the three battery plants. Results of biological monitoring of lead levels in blood were available from workers at one plant only. From 1973 through 1988 a total of 4639 blood samples were taken in 400 workers ( Table 1) . The overall average level of lead was 39.2 µg/dl (SD 14 µg/dl) but workers with a high blood lead level were sampled more often thereby making a disproportionate contribution to the overall mean. The average of the first blood sample per year per worker was slightly lower, 35.9 µg/dl (N = 1654, SD 15.2 µg/dl). A decline in the average blood lead level by 1.3 µg lead/dl blood per year took place during the follow-up period.
Design of Analysis
The unit of observation was a person year in the age range 20-49 years (inclusive) during the period 1968-1992. Each person year was identified with the following characteristics in that particular year: fathering a liveborn child (yes/no), calendar year, birth year, age, parity, plant (A/B/C), and employment at a battery plant or a reference company during the preceding year a Among a total of 4639 blood lead samples taken from 1973 through 1988 in 400 workers we selected the first sample provided by a worker each year (N = 1654) to get the above distribution of blood lead values.
(yes/no). Marital status was not considered when compiling person years (c.f. Discussion). Separate variables were designed to indicate the number of previous exposed years and number of years elapsed since last exposure. The person years of the 400 workers with available blood lead measurements were assigned to the number of samples and the average and maximal value of lead measurements during that particular year together with the average value during the preceding 5 years. A year was designated at risk from exposure during the preceding calendar year to allow for duration of pregnancy (9 months) and spermatogenesis (3 months). Finally, three dichotomous lag variables were constructed to minimize the dependence of outcomes among person years belonging to the same individual as proposed by Starr et al. 16 These variables indicated whether a birth had occurred during the preceding year (lag 1), 2-3 years earlier (lag 2,3) or in the fourth or fifth years prior to the year of observation (lag 4,5).
The characteristics of person years at risk and not-atrisk from exposure are presented in Table 2 and the distribution of person years among battery workers on age, birth and calendar year is shown in Figure 1 . While the proportion of years at risk was almost constant across age, birth and calendar year, the distributions of years not-at-risk before and after employment in a battery plant were skewed.
The age-and parity-adjusted relative risk of reduced fertility in years at risk from exposure compared to years not-at-risk was computed by Cochran-MantelHaenszel statistics (PROC FREQ 17 ). In addition to age and parity we also adjusted the risk estimates for the effect of calendar year and lag variables by a logistic regression model [PROC LOGISTIC 17 ] . The probability of birth was not a monotonic function of age (maximum between 25 and 29 years of age) or parity (maximum at parity 1). For that reason a squared age term was included in the logistic regression and the parity was defined by three dummy variables.
RESULTS
The adjusted birth rate was identical during not-at-risk years before and after employment at a battery plant (after versus before: relative risk [RR] = 0.94, 95% confidence interval [CI]: 0.82-1.07). A similar result was obtained in the reference population (after versus before employment at a reference company: RR = 1.07, 95% CI : 0.98-1.17). Therefore these two components of not-at-risk years were combined in all further analyses. Parity-and age-specific birth rates for the years at risk and those not-at-risk are shown in Table 3 . Among battery workers the parity-and age-specific birth rates were not consistently decreased during years at risk from exposure in comparison with years not-atrisk (RR = 1.00, 95% CI : 0.88-1.13). The logistic regression model adjusting for the effects of age, calendar year, paternal parity and children born in the previous 5 years (lag variables) gave the same result (odds ratio [OR] = 1.05, 95% CI : 0.92-1.21). The parity-and age-specific birth rates during years at risk from lead exposure were also identical with the birth rates in the corresponding component of person years among referents (RR = 0.98, 95% CI : 0.87-1.11 [ Table 3 ]), while the fertility in not-at-risk years was slightly higher among the battery workers (RR = 1.09, 95% CI : 1.04-1.15 [ Table 3 ]). These risk estimates were not changed by adjustment for calendar year and lag variables by logistic regression. The population of battery plant employees also included some men who might not have been exposed to lead, e.g. administrative officers, drivers and craftsmen. This problem of misclassification was approached by a separate analysis of men who at least once during their employment at a battery plant had a blood lead Ͼ20µg/dl. In this subset of the population no difference in fertility was found between the not-at-risk years before and after employment at a battery plant (after versus before: OR = 1.21, 95% CI : 0.7-2.0), nor was fertility decreased during years at risk from exposure (Table 4) . Adjustment for potential confounding did not change the result.
The duration of exposure to inorganic lead might be of significance for fecundity because of accumulation of lead in tissues causing increasing damage to testicular or endocrine tissues. Therefore we examined fertility as a function of duration of exposure in the entire population and in men with documented exposure to lead according to blood lead samples (at least one sample with lead level Ͼ20 µg/dl blood). We found no indication that fertility was influenced by the number of years with employment in the battery industry ( Table 5 ).
The level of exposure to lead among the battery plant employees was estimated from the biological monitoring programme. The average blood lead concentration in a particular year defined the level of exposure that year and all at-risk years without results of lead measurements were censured. Men with a high level of lead exposure in a year did not have reduced fertility during the following year in comparison with fertility in years not-at-risk from lead exposure (Table 6 ).
DISCUSSION
The results of this study indicate that employment at a Danish battery plant during the past 30 years is not associated with any change of fertility in terms of birth rate, either during years of employment or during subsequent years. The completeness and accuracy of the files of the national pension fund was evaluated by information obtained directly from two of the three companies. In total 642 of 649 workers were traced in the files of the pension fund (99% completeness) and only a few cases of incongruity between company and register information about starting and finishing times of employment were found. In addition, the validity of the father-child cross reference had been verified by the Danish Population Register in all cases (100.0% of cases). Although not all of the adopted children were identified, the frequency of adoption was so small that this source of error is of little importance. Options for medical treatment of male infertility caused by impaired spermatogenesis have been few until recently and it is estimated that heterologue donor insemination accounted for only about 0.5% of liveborn children in Denmark during the follow-up period. 18 Therefore these sources of bias are probably also of minor importance. The legitimate father may be different from the biological father even if no adoption has taken place, but we have no indications that sexual promiscuity, which would confound the results of fertility analyses, is related to both exposure and fecundity. Nevertheless, it should be acknowledged that all the above factors would dilute any effect of lead on male fecundity. Living as married has been common in Denmark during past 25 years and this study includes married as well as non-married person years. For legal or economic reasons a couple living as married may decide to get married when they have or are going to have a baby. On the other hand divorce may be a result of a barren marriage. Therefore an analysis only including married person years may be biased besides reducing the statistical power of the study.
The skewed age distribution of person years not-atrisk before and after employment at a battery plant emphasizes the need for age-stratified analysis since fertility is strongly linked with age. If age adjustment is inadequate, fertility in years at risk may be either underestimated (when comparing with years not-at-risk before exposure) or overestimated (when comparing with not-at-risk years after exposure). However, the logistic regression model seemed to adjust adequately for differences in age since adjusted fertility rates before and after exposure were similar.
The person years were designated at risk from lead exposure if the worker was employed at a battery plant in the preceding year. By this procedure some person years wrongly are classified at risk because not all employees at a battery plant are exposed to inorganic lead. We were able to reduce this misclassification of exposure by the deletion of 120 men (8% of the cohort) who had job titles which are compatible with manufacturing of batteries, but which are unlikely to be associated with lead exposure. Information on job titles in the Population Register is incomplete and some misclassification of exposure is unavoidable. However, the analysis of fertility in men who, according to company information, had job tasks known to result in exposure to lead and in men with known levels of lead in blood was completely in agreement with the main analysis and so there was no evidence that exposure to lead during employment at a battery plant is associated with reduction in fertility. The statistical power of the main analyses provide a reasonable chance for the detection of even rather small effects of lead exposure as evidenced by the narrow confidence intervals about the risk estimates (Tables 3 and 4) . It should be acknowledged, however, that detailed analyses confined to men with known blood lead levels in specified person years have less power and result in broader confidence limits (Tables 5 and 6 ).
Our results are consistent with the findings by Coste et al. who did not find reduced fertility in, mainly North African workers, in a French battery plant, 13 but they are apparently in disagreement with a Belgian study indicating 35% reduction in fertility rates in men exposed to lead at a battery plant. The level of exposure to lead was slightly higher in the Belgian study (average lead 46.3 µg/dl blood versus 35.9 µg/dl in this study), and the average duration of exposure was much longer (average duration 10.7 years versus 1.8 years in this study). In our study we found no indication that the men with the longest duration of exposure (Ͼ10 years) had reduced fertility (Table 5) .
The finding of an unchanged fertility rate among battery plant workers is not incompatible with experimental and human evidence which indicates that lead disrupts both testicular and pituitary function.
1 This is because reduced fecundity (biological ability to conceive) does not necessarily translate into reduced fertility (birth rate depending on volitional factors) in populations such as the Danish one where most couples plan the size of their family and have easy access to effective contraception. If normal fecundity is assumed to be 25%, there is a 25% chance of achieving a pregnancy in one menstrual cycle. Impairment of fecundity may go on unnoticed because couples continue to try until they become pregnant and only resume the use of contraception when the reproductive process has been successful. Therefore the effect of an environmental reproductive toxicant on human fecundity is counteracted by an increased number of menstrual cycles exposed to sperm. The most important factors which determine whether reduced fecundity translates to reduced fertility are the magnitude of reproductive impairment, the number of desired children and when during the reproductive period, reproduction is initiated. In this study several of these factors probably counteract the possibility of detecting reduced fertility in spite of reduced fecundity. Other methodologies are available for direct examination of fecundity in human populations, e.g. the time to pregnancy approach. 19 Studies of time to pregnancy and of semen quality in lead-exposed populations are in progress in several European countries within the Asclepios Research framework. 20 In conclusion, this study indicates that Danish battery plant workers with average blood lead levels about 35 µg/dl do not have reduced fertility. These men probably father the children they plan to have to the same extent as other men.
